ABSTRACT
1.INTRODUCTION
Till the beginning of 1980's applications which require high speed holding accuracy, wide range of speed control and fast transient response used DC motor drives. Traditionally AC machines [1] were used in applications like fan, pump and compressor where only rough speed regulation is required and the transient response is not critical, but the advances in the field of power electronics has contributed to the development of control techniques [2] where DC machine like performance can be obtained in AC machines. These techniques are known as vector control techniques. Vector controlled techniques [3, 4] can be classified as Direct/feedback field oriented control method (DFOC) and indirect/ feed forward method (IRFOC). The method depends on the determination of instantaneous rotor flux phasor position ߠ known as field angle or unit vector.
The main issue of vector control is its dependence on motor model and is therefore sensitive to the motor parameter variations [5, 6] . The variations are mainly due to the saturation of the magnetizing inductance and the stator / rotor resistance due to temperature and skin effect. These variations lead to error on the flux amplitude and its orientation along the d-axis. The system thus becomes unstable and also increases the losses in the system. In general the field oriented control method most commonly used in industries is the indirect field oriented control where the orientation of the flux space vector is estimated using the slip signal and the measured speed. The feed forward adjustment of the slip signal requires knowledge of rotor resistance, rotor inductance and magnetizing inductance values and is estimated from the equivalent circuit model.
It has been observed that the variations of rotor resistance and therefore the rotor time constant is the most critical in indirect field oriented vector controlled drives [7, 8] . If care is not taken to estimate the change, the orthogonality between the synchronous frame ݀ − ‫ݍ‬ variables is lost leading to cross coupling and poor dynamic performance of the drive system. This paper will describe the details of the controller design in discrete system for a rotor flux based indirect field oriented controlled (IRFOC) induction motor drive [9] [10] [11] and the effect of rotor resistance variation on the drive performance.
The paper is organized as follows: Section 2 provides a brief overview of the dynamic model of Induction motor. Section 3 provides the function of the control blocks involved in the modeling of the vector controlled drive. Section 4 describes the design of controllers in discrete time domain. Section 5 details the simulation results of the IFOC and the effect of rotor resistance variations under different drive operating conditions and concluding remarks are given in Section 6.
2.DYNAMIC MODEL OF INDUCTION MOTOR
The control of an induction motor can be made similar to that of a DC machine with vector control technique, where it is possible to have independent control of flux and torque. In order to achieve it the mathematical model of the motor in a rotating reference frame has to be synchronized either to the stator, air gap or rotor flux vector. For this one should know the angle of the stator, air gap or rotor flux vector along with their magnitude.
The dynamic model of induction motor for rotor flux oriented vector control application can be written as follows
where ݅݀ ௦ , ‫ݍ݅‬ ௦ are the stator currents andߣ݀ , ‫ݍߣ‬ the rotor fluxes in ݀ − ‫ݍ‬ frame. Similarly ‫,ݏܴ‬ ‫,ݏܮ‬ ‫݀݊ܽݎܴ‬ ‫ݎܮ‬ are the stator résistance, stator self inductance, rotor resistance and the rotor self .
For rotor flux oriented control the rotor flux ‫ݎߣ‬ is directed along the d-axis and is equal to ߣ݀ and therefore ‫ݍߣ‬ = 0. Thus the equation (1a) modifies to as shown below
From equation (1b) it can be seen that the ݀ − ‫ݍ‬ axis voltage are coupled by the terms
To achieve linear control of stator voltage it is necessary to remove the decoupling terms. These terms can be considered as disturbance and are cancelled by using a decoupled method that utilizes nonlinear feedback of the coupling voltage. The equation (1b) now modifies to (2a) as shown
From equation (2a) the transfer function for the d-q current controllers and the flux controller of the vector controlled induction motor drives are as follows.
Current Controller for d axis
Current controller for q axis is given as
and similarly the flux controller transfer function is given
The electromagnetic torque equation of a rotor flux oriented IFOC is given as
where ܶ ‫,ܬ,‬ ‫ܤ‬ ܽ݊݀ ߱ are the load torque, moment of inertia, coefficient of friction and rotor speed respectively. From equation (2e) and (2f) the transfer function of the speed controller is given as
The block diagram of the vector control system is shown in figure (2). It can be inferred from equation (2b) to (2g) that the controller transfer functions are all first order system and therefore the design process for these four controllers are same.
3.MODELING OF VOLTAGE CONTROLLED IM DRIVE
The block diagram of an indirect rotor flux oriented speed control of induction motor is shown in Figure. 1. 
From equation (3a) it is observed that the slip speed depends on the resistance and self inductance of the motor rotor and whose values are initialized during motor start up.
The two phase voltage ‫ݒ‬ ௗ௦௦ ܽ݊݀ ‫ݒ‬ ௦௦ in the stator reference frame are then transformed to three phase stator reference voltages ‫ݒ‬ , ‫ݒ‬ , ‫ݒ‬ which acts as modulating voltage for the modulator ,which uses the sine-triangle pulse width modulation (SPWM) scheme . The modulator output which is in the form of pulses is used to drive the IGBT with anti-parallel diode acting as switches for the conventional two level voltage source inverter (VSI).
The stator currents are measured and transformed to the synchronous reference frame as shown in Figure. 2. The d-q axis currents are used as feedback signals for the current controller. The d-axis current ݅ ௗ௦ is passed through a low pass filter with time constant equal to rotor time constant ܶ to obtain the rotor flux which acts as feedback to the flux controller. 
4.DESIGN OF CONTROLLER IN DISCRETE SYSTEM
The block diagram of a current controlled system is shown in Fig.3 and ‫)ݏ(݅ܩ‬ as given by equation (2b). In the design of the current controller the processing delay ݁ ି௦் ೞ and the power converter delay ݇ ௐெ షೞ ೞ modeled as first order transfer is not considered to simplify the design procedure where ݇ ௐெ is the gain of the power converter and ܶ ௦ is the sampling time . The block diagram of the discrete control system for the current loop is shown in Fig.4 . The parameters ݇ and ݇ of the discrete controller are obtained by the following steps. First calculate the open loop transfer function of the plant. Second derive the loop gain of the control system using pole-zero cancellation method and lastly obtain the controller parameters from the closed loop transfer function.
Step-1 -Calculate the open loop transfer function of the plant
The open loop transfer function of the plant in ܼ domain can be derived as
Where, ‫ܩ‬ ைு ‫)ݏ(‬ = ሿ.
The Z transformation of
is given as
Finally the open loop transfer function becomes
Step 2 Step-3 Determining the controller parameters for a given bandwidth 44 The closed loop transfer function of the system as shown in fig.4 can be obtained as
In discrete time domain the bandwidth of the first order system is given as Similarly following the steps as described for the ݅ ௗି current controller, the gains for the flux controller and the speed controller obtained are given in Table- I. 
5.RESULTS AND DISCUSSION
A simulation model of voltage controlled IRFOC as shown in Figure. 2 is developed in a Matlab/Simulink environment to ascertain the effectiveness of the IRFOC drive based on the controller parameter values given in Table- I. The parameters and ratings of the test motor are given in Appendix-I. The carrier wave shape is triangle in nature with the switching frequency kept at 10 ‫ܪܭ‬ ௭ . The drive is run under three different operating conditions typical of its requirement for industrial applications. The drive is first operated keeping speed and load torque constant exhibiting the condition of a lathe drive which requires constant speed operation. From Figure 5 it could be concluded that the drive could attain the speed reference kept at 1000 rpm in five seconds with the developed load torque matching with the set load torque. Second the motor is run under variable speed condition with the load torque remaining constant depicting the condition of crane motor drive. From Figure 6 it could be inferred that the proposed drive actual rotor speed could match the variable speed reference with adequate accuracy. It is also seen that from the Figure. 7 during the time interval 15-20sec the motor is at standstill holding the full load torque. The third and final drive operating condition exhibits the drive requirement for crusher drives used in mining industry. It is observed from Figure. 8 and 9 that during load changes the actual speed could track the reference speed showing the robustness of the drive controllers.
Simulation studies were also carried out to determine the effect in rotor resistance changes on the performance of the IFOC drive. The rotor resistance variation during drive operation is mainly due to temperature and skin effect. These uncertainties lead to error on the flux amplitude and its orientation along the d-axis. The system thus becomes unstable and also increases the losses in the system. The drive is run at a constant speed of 1000 rpm with constant load torque of 5 Nm. At t = 12sec the step increase in rotor resistance from ܴ to 1.5 times ܴ was initiated by connecting the three phase resistor bank controlled externally to the rotor of the slip ring induction motor. Similarly a step decrease in rotor resistance from ܴ to 0.6*ܴ is obtained by changing the magnitude of the instrumented rotor resistance value. It is seen that the increase/decrease in rotor resistance has resulted in sudden changes in the motor actual flux with its value increasing from 0.936 ωb to 1.195ωb with increase in rotor resistance and decreasing from 0.936 ωb to 0.6 ܾ߱ respectively as seen from Figure. 10 and 11. It is also seen from Figure. 12 that the electromagnetic torque developed by the motor has also reduced slightly with an increase in rotor resistance at t= 12sec and also there is a dip in a rotor speed from 1000 rpm to 996 rpm as observed in Figure. 13. Similarly a substantial dip in rotor speed almost by nine rpm from its reference value was also observed in Figure. 14 for step decrease in rotor resistance. The effect of rotor resistance variation on the following parameters of the IFOC drives were also studied namely the rotor flux ߣ ‫ݍ݅,‬ ௦ the current component of torque and the motor input power ,ܲ. The abscissa of Figure. The ordinate indicates the normalized value of rotor flux, q-axis current component of torque and the motor power input. It is seen from figure that apart from the increase in rotor flux which may lead to motor saturation, the increase in rotor resistance from its nominal value has less impact on ‫ݍ݅‬ ௦ and the motor input power with their normalized value reaching to 0.8 and 1.2 respectively. On the other hand with decrease in actual resistance the rotor flux decreases to its normalized value of 0.4. In a way the decrease in rotor flux results in decrease in core losses especially the increase in drive efficiency when it is operating under no load condition, but on the other hand it is seen that under rated load condition the current component of torque and the drive power input increases significantly with its normalized value reaching to 1.8 and 1.5 respectively. 
